It is known that avian erythrocytes (1, 2) , bone marrow (3), liver, muscle and kidney (4) are capable of synthesizing heme in vitro. Glycine, 8 -amiiinolevulinic acid, porphobilinogen and protoporphyrin (2, (5) (6) (7) are among the known intermediates in this process. Per unit weight, muscle is one of the least active tissues in the synthesis of heme, and few studies have been made of the process in this tissue.
Previously (8. 9), we have described procedures for the isolation of myoglobin which were found suitable for the preparation of this protein for physical characterization. In order to gain further information about the metabolism of myoglobin, these procedures for myoglobin isolation have been applied to a study of radioiron incorporation into myoglobin in dog and human muscle. In these studies, the myoglobin heme was labeled with Fe59 in a system similar to that described by others for avian erythrocytes (2) . By this means it has been possible to demonstrate that extracts of dog and human muscle can use radioiron for the formation of myoglobin. It appears that heme synthesis in muscle is similar in many ways to that in other tissues.
METHODS
Preparation of extracts and incubationt mixture.
Mongrel dogs were sacrificed by the intracardiac injection of 10 per cent pentobarbital. Three hundred to 500 Gm. of muscle was dissected from the hind limbs, trimmed free of fat and placed in a beaker over ice. The muscle was ground twice in an electric meat grinder. The brei was mixed with an equal volume of 0. 15 18 hours. Shorter extraction periods were associated with less iron incorporating activity in the final extracts. Sodium fluoride, 0.1 M, a concentration which has been shown to have no effect on heme synthesis in avian erythrocytes (10) , was added to the extracting fluid to inhibit glycolysis. This mixture was homogenized in a Waring blendor for three minutes. All of these procedures were carried out at 40 C. Centrifugation at 1,500 rpm for 30 minutes (500 X G) then was carried out at room temperature.
The incubation mixtures were prepared in 50 ml.
Erlenmeyer flasks by adding the following: 14 ml. of the supernatant fluid from the dog muscle homogenate; 4 ml. of Tris [Tris(hydroxymethyl) aminomethane] buffer (final concentration 0.5 M Tris) at pH 7.7; 1 ml. of ferrous5' citrate (1.0 to 2.0 Ac., specific activity 1 to 3 mc. per mg. Fe); and either 1 ml. of 0.9 per cent sodium chloride or other additive according to the experimental protocol. All incubations were carried out in air in a Dubnoff shaker at 370 C., 70 cpm, for four hours. Further radioiron incorporation was then stopped by the initial step in the myoglobin isolation procedure, the addition of one-fourth the reaction volume of saturated basic lead acetate.
Myoglobin was isolated by differential solubility in phosphate buffer as described previously (8, 9) . In order to avoid contamination of the myoglobin with radioactive iron phosphate complexes and to concentrate the myoglobin for counting, a special procedure was used after the hemoglobin had been precipitated with concentrated phosphate buffer. The samples were shaken with 10 ml. of chloroform for 20 minutes in a Kahn shaker. This precipitated the myoglobin at the interphase as a fluffy, readily dispersed precipitate. After the supernatant solution had been discarded, the myoglobin layer was punctured with a wooden rod to allow egress for the chloroform. The myoglobin precipitate was then washed six times with 1 per cent trichloroacetic acid. The final wash was nonradioactive and contained less than 0.5 jug.
per 100 ml. of phosphate. After carrying out the last wash in a counting vial, the radioactivity of the samples was measured in a well-type scintillation counter.
Since the interpretation of the results to be presented is dependent on the demonstration that myoglobin prepared by this method is, indeed, essentially free of hemoglobin, several experiments were carried out to demonstrate this fact. Some of these studies have been presented previously (9) .
By measuring optical density of cyanide-treated dog t= total time sample counted; and tb = total time background counted. These results are included in Table I .
In this experiment, myoglobin purity with reference to hemoglobin ranged from 94.7 to 98.7 per cent. In particular, at levels of hemoglobin contamination closest to the hemoglobin level of the crude extract used in the studies to be presented, the final myoglobin samples contained 97.6 to 98.7 per cent myoglobin. This experiment demonstrated effective removal of hemoglobin and secondarily showed that elaborate procedures to perfuse muscles free of blood prior to extraction were unnecessary.
After counting, the myoglobin was washed into Kjeldahl flasks for digestion and the iron content was determined by the method of Gubler and co-workers (11). Radioactivity has been expressed as cpm per /Ag. of myoglobin iron. It should be noted that no attempt has been made to control the total iron content of each flask. This, coupled with the innate variations in the system from dog to dog, prevents comparison between absolute values of radioactivity from experiment to experiment. In order to obviate this difficulty, internal controls, in the form of extracts containing buffer and radioiron, but without protoporphyrin or other additives, have been included in each experiment.
Techniques similar to those employed in the dog studies were used in the study of human muscle. This was obtained at autopsy from two nondystrophic human subjects and two patients with myotonic dystrophy.
Protoporphyrin-9-methyl ester 1 was prepared by hydrolysis in 7 N hydrochloric acid for 18 hours, followed 1 Obtained from Monadnock Research Institution, Antrim, New Hampshire. 
FIG. 2. THE EFFECTS OF HYDROGEN ION AND OF PROTOPORPHYRIN CONCENTRATION ON RADIOIRON UP-TAKE INTO MYOGLOBIN
by removal of excess acid in a desiccator over sodium hydroxide. The protoporphyrin hydrochloride was dissolved in 0.14 M sodium bicarbonate prior to addition to the incubation flasks. Glycine and 5-aminolevulinic acid were dissolved in water and neutralized with sodium hydroxide prior to addition to the incubation flasks. In some experiments, heme was isolated from the reaction mixtures by the method of Fischer (12) and recrystallized by the method of Shemin, London and Rittenberg (13) . The radioactivity of the heme then was determined. In these experiments, the results were expressed as the percentage of added radioiron which was incorporated into heme (per cent uptake of Fe') (2).
The effects of protoporphyrin concentration and of pH are shown in Figure 2 . The optimal protoporphyrin concentration was 8 x 1C-6 M to 1 X 10-5 M, and the optimal pH was 7.6 to 7.7. Therefore, in subsequent studies, the assays were performed at pH 7.6 to 7.7 and 9 x 106 M protoporphyrin was used.
Effect of time of incubation
Myoglobin isolated from samples after incubation times varying from 15 to 240 minutes showed rapid increase in radioactivity in the first 15 to 30 minutes ( Figure 3) followed by a more gradual rise thereafter. Incorporation of radioactive iron into the myoglobin heme was still continuing at four hours.
Effect of heat
Since heating the muscle extract at 70°C. for 15 minutes prior to assay altered the properties of the myoglobin to such an extent that good recoveries could not be obtained, heme isolation was used to study the effect of heat on this system. Since the heme was isolated from whole extracts, rather than from myoglobin itself, these results apply to overall heme synthesis in muscle extracts and not necessarily to myoglobin heme, per se. Under these conditions, heme synthesis was inhibited 627 per cent as compared with control unheated extracts.
RESULTS

Effect of protoporphyrin
The addition of protoporphyrin to flasks incubated four hours resulted in a 10-to 200-fold augmentation of radioiron uptake. Zero time controls, containing protoporphyrin but not incubated, yielded nonradioactive myoglobin. A typical experiment is shown in Figure 1 . In order to demonstrate whether the radioactivity of the myoglobin was due to the incorporation of Fe59 into the heme or could be attributed to nonspecific binding, the myoglobin from a reaction mixture was purified, the heme of the myoglobin was isolated and the radioactivity of the heme was determined. Of the radioiron present in the myoglobin, 95 per cent was recovered in the heme. Table II show that supernatant solution had much less activity than residue, which had essentially the same actvity as the initial extract.
Effects of dialysis and of sulfhydryl compounds
It has been shown that sulfhydryl groups are required for optimal activity in an avian hemolysate system for the synthesis of heme from protoporphyrin and iron (13, 14) . For this reason, the effects of dialysis and of sulfhydryl compounds were studied in the present system. Dialysis against distilled water, 40 C., for 18 hours, resulted in almost complete loss of activity. The addition of cysteine to dialyzed extracts resulted in partial restoration of activity. In undialyzed extracts, cysteine addition resulted in a twofold increase in radioiron uptake. Similar results were obtained when reduced glutathione was used instead of cysteine. These data are shown in Table III .
Effects of inhibitors
The effect of p-chloromercuriphenyl sulfonic acid, a sulfhydryl inhibitor, was studied. This compound, at a concentration of 2.5 x 10-' M, resulted in 69 per cent inhibition of radioiron incorporation into the myoglobin. At a concentration of 2.5 x 10-2 M, the inhibition was 97 per cent. Incubation in the presence of 1 x 10-3 M potassium cyanide resulted in complete inhibition of radioiron incorporation.
Effect of glycine or 8-aminolevulinic acid
The effect of glycine and 8-aminolevulinic acid on radioiron uptake was measured in the supernatant solution of a muscle homogenate. In addition, the effect of glycine alone and with succinate was studied in muscle brei. In three experiments with muscle extract, augmentation could not be demonstrated with concentrations of glycine varying from 10 x 10-2 to 5 X 10-3 M. The addition of 1 x 10-4 M 8-aminolevulinic acid led to a two-to fourfold increase in radioiron uptake in two out of three experiments (Table IV) . Using the same Tris concentration for brei as was used in supernatant extracts, the pH of the mixtures dropped to 6.4 during incubation, and no radioiron uptake occurred. By using 1.0 M Tris and incubating brei immediately after grinding the muscle, the pH could be controlled. With this technique, glycine alone increased radioiron incorporation, while glycine plus succinate gave further augmentation (Table V) .
Human material
The incorporation of radioiron into myoglobin from extracts of human muscle obtained from two nondystrophic and two dystrophic subjects was studied. The autopsies were performed 12 to 20 hours after death. The data are shown in Table VI .
In the muscle extracts from all four subjects, the addition of protoporphyrin resulted in a two- fold increase in the incorporation of radioiron into myoglobin. In the muscle extracts from the one nondystrophic subject to which cysteine was added, a further twofold increase in iron uptake was observed.
DISCUSSION
It may be concluded fom these studies that the supernatant solution from a dog muscle homogenate is capable of radioiron incorporation into myoglobin heme. The uptake of radioiron was markedly enhanced by the addition of protoporphyrin and was moderately increased in the presence of 8-aminolevulinic acid. Glycine plus succinate gave augmentation in muscle brei. In these respects, the results obtained with muscle extracts closely resemble those found with avian erythrocytes (14, 15) . In other ways, as well, the similarity between muscle extracts and other tissues is striking. The optimal protoporphyrin concentration, the pH of optimal activity, the augmentation by cysteine, and the inhibition by sulfhydryl inhibitors all parallel results obtained with nucleated erythrocytes (14, 15) and liver (4) . These findings are in keeping with the hypothesis that the mechanism for heme synthesis, which has been best demonstrated in avian erythrocytes, is a general mechanism (16) , with only minor differences from tissue to tissue. Since the majority of the present studies were carried out at the step in myoglobin synthesis involving the incorporation of iron into heme, certain comments are in order concerning the evidence that the process demonstrated in muscle extracts is an enzymic one. It has been stated that, under conditions in which protoporphyrin is not in a colloidal state, chemical, nonenzymic insertion of iron can occur to form heme (17, 18 (Table II) . Finally, the finding of optimal activity at a pH near neutrality with lower activity on each side of this optimum is in accord with the conclusion that the process is an enzymic one. With the exception of one extract from nondystrophic muscle, only low levels of radioactivity were obtained with human muscle. The autolysis which had occurred in the long periods that had elapsed between death and study of radioiron uptake may have been responsible for the low levels of uptake. In each instance, however, protoporphyrin increased the incorporation of radioiron into myoglobin. In addition, cysteine was found to augment this process further, in one instance. It seems reasonable to conclude, therefore, that radioiron incorporation into myoglobin heme occurred in muscle extracts from all these patients. Within these limitations, no differences were observed between dystrophic and nondystrophic muscle.
SUM MARY 1. Radioiron was incorporated into the heme of myoglobin in the supernatant solutions from dog muscle homogenates.
2. Protoporphyrin and 8-aminolevulinic acid augmented the incorporation of radioiron. Cysteine and reduced glutathione were also found to increase radioiron uptake. Glycine plus succinate augmented radioiron uptake in muscle brei.
3. Heat, potassium cyanide and parachloromercuriphenylsulfonic acid inhibited this process. 4 . The conditions which favor iron incorporation into myoglobin heme closely resemble those known to favor heme biosynthesis in other tissues. 5 . Preliminary observations suggest that extracts from both normal and dystrophic human muscle are capable of carrying out this process.
